Abstract. The paper investigates the actuation mechanism in floating electrode MEMS capacitive switches. It demonstrated that in the pull-in state the device operation turns from voltage to current controlled actuation. The current arises from Poole-Frenkel mechanism in the dielectric film and FowlerNordheim in the bridge-floating electrode air gap. The pull-out voltage seems to arise from the abrupt decrease of Fowler-Nordheim electric field intensity. This mechanism seems to be responsible for the very small difference with respect to the pull-in voltage.
the potential difference, upon the transition from pull-out to pull-in state. The aim of the present work is to analyze the actuation mechanism of the floating electrode capacitive switch, demonstrate that in the pull-in state the conventional condition V ≥ V pi cannot further hold and the device turns from voltage to current actuation.
The switches used in present work were parallel single pole single through (SPST) cells. In the parallel (shunt) version of the SPST a metal membrane (movable air bridge) above the CPW substrate can electrically short the centre line to ground when electrostatically actuated, as shown in Figure 1a . Two side actuation pads were added in order to separate the DC bias from the RF signal on central line. These actuation pads were connected with polysilicon bias lines which were isolated with 300nm SiO 2 film from the ground plane and coplanar transmission line ( fig. 1a) . In the present work the bias was applied only to coplanar waveguide transmission line (CPW) and not to the side actuation pads. Under the bridge the central line was constituted by a metal multilayer (Ti-TiNAl-Ti-TiN) covered by SiO 2 dielectric film (Low Temperature Oxide, LTO) with a thickness of about 100 nm. A floating metallic (Au) contact (90μm × 150μm) was deposited on the top surface of the dielectric film to ensure a constant capacitance during pull-in state where the device must behaved like MIM capacitor with a capacitance of C MIM ≅ 4.66pF.
The capacitance of the RF MEMS switches was measured at 1 MHz with a Boonton 72 B capacitance bridge that provided a resolution better than 0.5 fF. The current-voltage characteristic was measured at room temperature with a Keithley 6487 picoampere meter. All measurements were performed in vacuum and the surface humidity was removed by heating cycles at 140°C for two hours each time. Finally prior assessment the devices were stored in vacuum. Unipolar capacitance-voltage characteristic were obtained increasing the voltage from 0 to 50 V and then returning back to 0 V ( fig. 1b) . In all measurements the bias was applied to the transmission line with respect to the ground level. Unlike the conventional actuation without floating electrodes or by using the lateral pads, there was no apparent hysteresis. The two branches of CV curve for increasing and decreasing voltage are practically superimposed and the pull out and the pull in voltages are about the same.
As already mentioned a metal film floating electrode was deposited on the dielectric surface in order to ensure primarily a constant capacitance during pullin. The presence of this metallic film cap leads to uniform charge injection and screens any potential fluctuation that may arise inside the insulating film. In absence of dielectric charging, if z 0 is the air gap at equilibrium, k the spring constant, A the switch area, d the dielectric film thickness (d<< z 0 ) and V the applied bias the pull-in voltage will be given by:
where the first term is introduced by the capacitors voltage divider. The pull-out voltage cannot be calculated in the conventional way because of the following reasons: i) the absence of a dielectric film between the floating electrode and bridge, although the asperities and roughness will not allow the perfect contact between the electrodes and ii) the fact that as soon as the bridge lands on the floating electrode they attain the same potential and the electrostatic force vanishes. For an ideal dielectric, where no leakage occurs, the later will lead to a transitory actuation after which the bridge will return permanently to pull-out state. In Fig.1b the switch remains in the "pull-in" state, a fact that indicates the presence of electrostatic force. The electric field between the bridge and floating electrode clearly denotes that, during contact, transferred charges are dissipated as soon as the contact is lost. The practically constant pull-in capacitance leads to the conclusion that charges are transferred from the bridge to the floating electrode and further through the insulating film to transmission line. Since the current may be injected through even one asperity, no further bridge flattening will occur when the applied bias increases. This current arises from field emission (Fowler-Nordheim, I FN ) in the gap and Poole-Frenkel (I PF ) in the dielectric film. According to this I FN (V FN ) = I PF (V PF ) while the applied bias will be given by V=V FN + V PF , where V FN and V PF are the voltages across the gap and the dielectric film controlling the FowlerNordheim and Pool-Frenkel effects respectively. Now, if w is the gap through which current flows, then the currents equality can be written as:
where Φ is the trap emission barrier, 
2eV). Finally, M is a constant proportional to
Poole-Frenkel conductivity. At this point we must stress that w is much smaller than the average gap measured through capacitance. The effective value of w arises from one or more asperities or surface roughness peaks that ensure the required current flow. Since (2) is valid only in the pull-in state it becomes obvious that the capacitance-voltage and current-voltage characteristics have to be monitored and plotted simultaneously. The two characteristics are presented in Fig. 1b and allow the determination of the onset of leakage current, which practically coincides with the transition to pull-in state. Here it must be pointed out that in spite of the fact that the experiment has been performed in vacuum the presence of surface leakage currents cannot be overruled. At pull-in the potential drop across the gap and w readjust in order to compensate the current through the dielectric film. Taking these into account and the fact that the FowlerNordheim current increases faster with the gap electric field than the PooleFrenkel one with the electric field in the film, as deduced from (2), we are led to the conclusion that V FN must not vary significantly above pull-in. This allows the fitting of Poole-Frenkel law to the measured current using V FN as fitting parameter, as shown in Fig. 2 . (fig. 1b) . The smooth transition to pull-in state, within 3 Volt, cannot be attributed to the bridge mechanical deformation, like in conventional switches, but rather to mechanism that controls the pull-in state. Nevertheless, this effect requires further investigation. The pull-out voltage (V PO ) when calculated in the conventional way, assuming the presence of an air gap in the pull-in state [12] and taking into account the capacitors divider, leads to: where w 0 is the average gap calculated from C-V characteristic in the pull-in state. For the present device, with an air gap of about 3μm, the theoretical and measured capacitances in the pull-out state are C po-th ≈ 0.04pF and C po-meas ≈ 0.56pF, the later arising from the parasitic capacitances introduced by the low frequency measurement setup. In the pull-in state on the other hand the measured pull-in capacitance is C pi-meas = 1.83pF and being further corrected to 1.31pF by considering the parasitic capacitances, leads to an average air gap w 0 ≈ 69nm, which is in reasonable agreement with previously reported values by S. Melle et al. [5] . According to these values (3) leads to a very low pull-out voltage (4% of V PI ) that disagrees with data in Fig.1b and clearly indicates a different pull-out mechanism. Since the phenomena occurring at pull-out could not be analytically derived we calculated theoretically I PF , using the previous fitting parameters, and from this the corresponding electric field intensity for the FN effect (E FN ), both as a function of applied voltageHere it is important to emphasize that E FN is the electric field across the shortest distance between the floating electrode and the moving armature arising from asperities where the field emission current occurs in order to fulfill (2) . The results are shown in Fig. 3 and indicate an abrupt decay of E FN below pull-in voltage. The abrupt decrease of E FN obviously results in a decrease of current and since the continuous flow cannot be further maintained the bridge is released. Here it must be pointed out that if the pull-out voltage was smaller, then at pull-in the leakage current would exhibit a sharp increase and vanish at pull-out as shown above. In conclusion, it has been demonstrated that in floating electrode MEMS capacitive switches the operation is different with respect to conventional ones. Although the transition to pull-in state is electrostatically controlled in the conventional way, the pull-in is sustained through current flow that allows the development of electrostatic force between the floating electrode and the moving armature. This process appears to control the pull-out voltage since the electric field in the gap vanishes as soon as the diminishing of the current through the dielectric cannot be sustained. Finally we should like to emphasize that this mechanism is promising because it can lead to new devices with properly engineered dielectric films that will efficiently mask the charging and produce a new generation of MEMS capacitive switches.
